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FINAL  REPORT 


1.  Proposal  Goals 

The  project’s  primary  goal  was  to  build  integrated,  on-chip  carbon  nanotube  based 
devices  that  could  be  used  as  multi-agent  sensors.  The  main  task  can  be  divided  into  three 
sub-tasks:  (a)  Controlled  growth  of  carbon  nanotubes  of  various  types,  for  integration 
into  the  on-chip  sensor,  (b)  fabrication  of  the  carbon  nanotube  based  sensor  devices  and 
finally  (c)  the  electrical  and  other  relevant  characterization. 

2.  Work  Completed 

While  pursuing  the  abovementioned  tasks  (to  achieve  carbon  nanotube  based  sensor 
devices)  we  focused  on  extensive  evaluation  of  the  electrical  transport  through  SWNT- 
based  electronic  devices.  Our  current  focus  is  on  electrical  measurements  through  single 
SWNT  devices  at  temperature  ranging  from  the  room  temperature  to  liquid  helium 
temperature.  SWNT  has  generated  considerable  interest  on  one  hand  in  nanoscale 
electronic  device  applications,  due  to  their  unique  electronic  properties  and  nanometer 
sizes.  On  the  other  hand,  from  the  fundamental  physics  point  of  view,  SWNTs  can  be 
treated  as  the  ideal  model  systems  for  one-dimensional  (ID)  conductors  with  profound 
electron-electron  interaction  to  influence  the  electronic  transport  through  the  nanotube.  A 
brief  summary  of  the  results  accomplished  in  the  study  is  given  below. 

2.1.  Controlled  growth  of  Single  Wall  Carbon  Nanotubes 

Within  the  various  types  of  carbon  nanotube  materials  synthesis,  we  have  been  focusing 
mainly  the  controlled  SWNT  growth  by  Chemical  Vapor  deposition  (CVD)  method.  We 
use  a  diblock  copolymer,  polystyrene -block-ferrocenylethylmethylsilane  (PS-b-PFEMS) 
as  the  polymer-based  catalyst  for  optimized  SWNT  growth.  Spin  coating  a  dilute  solution 
of  1  wt  %  PS-b-PFEMS  in  toluene  provides  unifonn  ~  lOOnm  thick  films  of  the  catalyst. 
In  order  to  get  well-separated  individual  SWNT  or  SWNT  rope  with  desired  density,  we 
have  found  this  thickness  of  the  catalyst  layer  is  the  optimized  thickness.  Finally,  SWNTs 
are  grown  by  the  CVD  process  with  methane  flow  at  920  degrees  Celsius  on  spin-cast 
samples. 

2.2.  Fabrication  of  SWNT-based  Electronic  Devices 

The  next  step  after  the  growth  towards  the  electrical  transport  measurements  is  to 
fabricate  the  nanotubes  into  effective  electronic  devices.  In  this  section  we  will  present 
the  detailed  fabrication  procedure  of  single  SWNT  or  a  single  bundle  contained  few 
SWNTs  using  state-of-the  art  technique  that  we  use  in  our  laboratory.  The  most 
commonly  used  standard  fabrication  processes  include  optical  lithography,  focused  Ion 
beam  milling  and  electron  beam  lithography  techniques.  Among  all  of  these  processes, 


we  concentrated  predominantly  on  the  electron  beam  lithography  process  to  fabricate  our 
SWNT  devices.  First  we  process  bonding  pads  and  markers  on  the  sample  with  SWNTs 
on  it  by  electron  beam  lithography  followed  by  a  deposition  of  Ti/Au  using  electron  beam 
evaporator.  Next,  we  find  SWNTs  in  scanning  electron  microscope  (SEM)  or  in  atomic 
force  microscope  (AFM)  and  get  the  coordinates  of  the  position  of  the  SWNT  with 
respect  to  the  nearest  marker.  Finally,  with  one  step  left  for  electron  beam  lithography 
and  electron  beam  deposition,  we  fabricate  the  electrical  metal  contacts  on  SWNT. 


Figurel.  AFM  image  of  a  SWNT  device  with  four  electrodes.  The  scale  bar  corresponds 
to  500nm. 

Final  contacts  are  made  of  a  thin  layer  of  Ti  ~  2-5nm  and  a  Au  layer  of  about  50-100nm 
on  top  of  the  Ti  layer.  Our  device  geometry  is  shown  in  the  figure  1.  In  order  to  perform 
2-terminal  and  four  terminal  measurements  on  one  single  device,  we  fabricate  four 
identical  contacts  on  each  SWNT.  In  this  identical  contact  design,  we  compare  the 
electronic  characteristics  of  each  segment  between  any  two  leads  from  the  single  device. 
In  other  cases,  we  fabricate  the  four  contacts  with  different  shapes  and  different  electrode 
spacing  as  shown  in  figurel.  The  different  shapes  and  different  spacing  between  the 
electrodes  additionally  allow  us  to  study  three  different  2-terminal  devices  from  each 
single  device  as  in  the  previous  case  for  identical  contacts.  In  this  case,  as  one  can  study 
the  effects  of  the  electrode’s  dimension  on  the  electronic  tunnel  spectra  similarly,  the 
fundamental  studies  in  the  frame  of  quantum  interference  can  be  studied  with  varying 
electrodes  spacing. 

2.3.  Room  Temperature  Current-Voltage  Measurements  on  SWNT  Devices 

In  this  section  we  present  some  of  the  results  on  room  temperature  electrical 
measurements  of  our  devices.  We  have  perfonned  two-terminal  Current- Voltage  (I-V) 
measurements  at  room  temperature  on  some  of  our  SWNT  devices  in  the  geometry 


shown  in  figure.  1  with  different  electrode  spacings  and  dimensions.  Figure  2(a)  displays 
the  I-V  characteristics  of  one  such  device.  Three  different  curves  show  the  I-V 
measurements  between  the  leads  1  and  2  (Leadsi-2),  between  leads  2  and  3  (Leads2-3)  and 
between  leads  3  and  4  (Leads3_4)  from  same  device.  It  is  very  clear  from  the  graph  that 
the  electronic  transport  depends  on  the  dimension  of  the  contact  area  and  also  with  the 
distance  between  the  leads.  By  introducing  asymmetric  tunnel  barrier  using  the  different 
shape  we  plan  to  study  the  electrical  characteristics  at  higher  bias  voltage  in  order  to 
probe  the  asymmetric  tunneling  at  non-linear  regime.  By  this  approach,  we  can  study  the 
tunneling  density  of  states  of  nano  tubes  at  the  contact  region  at  low  temperatures. 


Figure  2.  Room  temperature  I-V  measurements,  (a)  two-terminal  I-V  measurements 
between  three  sets  of  leads  for  one  single  device,  (b)  two-terminal  resistance  between 
leads  1  and  2  for  10  different  devices. 

The  most  challenging  part  towards  clean  electrical  measurements  through  these  devices  is 
in  reducing  the  contact  resistances.  Due  to  the  high  contact  resistance  between  the  SWNT 
and  the  leads,  it  is  very  difficult  to  perfonn  very  sensitive  measurements  where  electrical 
signal  through  the  device  is  almost  comparable  with  the  instrument  noise.  In  order  to 
compare  the  contact  resistance  from  our  devices  with  the  previous  works  in  this  field 
from  other  groups,  we  have  measured  the  two-terminal  contact  resistance  from  10 
separate  devices  between  leads  1  and  2  (Leadsi-2).  The  corresponding  result  is  presented 
in  figure  2(b).  From  this  figure,  out  of  10  devices  for  about  8,  the  two  terminal  resistance 
at  room  temperature  is  around  1 OOkD  which  is  very  good  compared  to  other  reported 
work  on  SWNT  devices.  Relatively  low  contact  resistance  provides  us  model  one¬ 
dimensional  systems  to  observe  various  interesting  and  important  quantum  mechanical 
phenomena  in  these  devices. 

3.  Conclusions  and  Ongoing  Work 


In  the  past  year,  we  have  been  able  to  optimize  the  controlled  growth  of  SWNTs  for 
device  applications  as  well  as  for  fundamental  studies.  Successful  fabrication  techniques 
have  been  achieved  in  our  lab  using  electron  beam  lithography  and  electron  beam 
deposition  to  fabricate  electrical  contacts  on  a  single  SWNT  or  on  an  individual  bundle  of 
SWNTs.  The  promising  results  in  the  view  of  the  contact  resistance  between  SWNTs  and 


the  metallic  contacts  open  many  avenues  towards  the  electrical  characterization  at 
different  regimes,  different  temperatures,  and  different  electric  and  magnetic  fields. 


Due  to  strong  electron-electron  interaction  and  profound  electronic  confinement  around 
the  circumference,  a  large  spacing  between  ID  sub-bands  can  be  achieved  by  reducing 
the  length  of  the  nanotube  between  the  leads.  We  expect  to  observe  this  confinement 
effects  even  at  room  temperature.  In  this  direction,  we  aim  to  fabricate  the  devices  with 
least  possible  electrode  separation.  We  have  found  in  AFM  investigation,  SWNTs  are  in 
bundles  of  few  (3-4)  single  SWNTs  and  it  obviously  reduces  the  confinement  effects.  Our 
next  goal  is  to  find  an  efficient  way  to  separate  the  SWNTs  from  the  bundles  in  order  to 
study  isolated  SWNT  based  electronic  devices.  One  way  to  approach  towards  single 
SWNT  device,  we  plan  to  bum  some  of  the  SWNTs  from  the  bundles  by  passing  high 
current  through  the  devices. 

Finally,  some  of  the  bundles  get  burned  resulting  in  open  electrical  circuits  with  a  gap 
between  the  two  broken  segments  of  the  bundle.  Once  we  have  optimized  this  process  to 
control  the  gap  (nanoscale)  introduced  into  individual  nanotubes  or  bundles,  via  electrical 
burning,  we  plan  to  attach  molecules  between  these  gaps  and  study  their  molecular 
transport  behavior.  This  would  allow  sensing  of  various  species,  by  making  the  gap  ends 
(tips  of  broken  tubes)  selective  to  absorption  of  only  certain  molecular  species.  Here 
nanotubes  would  behave  as  the  effective  electrodes,  with  nanoscale  gaps.  Controlling  the 
gap  between  the  nanotubes  different  sized  molecule  can  be  studied  through  the  electronic 
transport  through  them. 
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